milling, 20 electron beam lithography using Poly(methyl methacrylate) (PMMA) resist compatible with perovskites, 18 direct imprinting 21 or templated crystal growth. 22 Here, we present micro disc methylammonium lead iodide (MAPbI3) perovskite lasers manufactured with a conventional top down patterning process including optical lithography.
The proposed fabrication scheme enabled the integration of the disc lasers into a silicon nitride photonic waveguide platform. In contrast to previous works on patterned perovskite devices, including our own earlier report, our new technology allows patterning of fully etched structures with high alignment precision and throughput, which is a major technological breakthrough for this technology. The lasing threshold of the fabricated lasers is 4.7 µJ/cm -2 , which is lower than in unstructured materials. 19, 23 Considering that due to processing conditions disc lasers are prone to defects, the obtained results are promising with respect to prospective electrical pumping.
Moreover, our fabrication procedure guarantees reproducible results with 83 tested devices fabricated on 4 different PICs exhibiting comparable lasing threshold and spectral characteristics of the lasing modes well controlled with the disc dimensions. In this context, the influence of the thin film polycrystallinity on the device performance was also studied using a model based on randomly generated crystal grains. This simulation approach advances modeling and design of optoelectronic devices based on perovskite thin films.
Experiments were carried out using methylammonium lead iodide (MAPbI3) as the most studied and technologically mature metal-halide perovskite material. Its optical gain is centered at ~785 nm 14 . The design foresees a perovskite micro disc placed in the vicinity of a single mode silicon nitride (Si3N4) bus waveguide, cladded with a planarized SiO2 layer, as shown schematically in of the bus waveguide with respect to the disc's edge (called "offset") such that the coupling efficiency was ~1%. The optimum was found for a bus waveguide offset of 150 nm towards the disc center and a separation from the perovskite by a 50 nm gap (Figure 1b ). Such positioning precision was not technically achievable with the lithographic tool used in this work, but the disc positions were varied in 250 nm steps over a range of ± 1.25 µm so that there would be at least one nearly optimal structure after fabrication. Coupling efficiencies of both TM and TE WGMs to TM and TE waveguide modes were extracted by the mode expansion method built into the simulation software. The optimized coupling efficiency was 0.57 % for TM and 0.12 % for TE modes. Waveguide modes of opposite polarizations were also excited, albeit weaker by a factor of 6 (TM) and 24 (TE) (referred to as the "cross polarization ratio"). The perovskite disc lasers were fabricated using optical lithography with a double layer resist (details in the Experimental section), where the bottom layer shielded the perovskite from incompatible chemistry used for etch mask definition in the top photoactive layer (Figure 1c ).
Subsequently the pattern was transferred by a single step ICP RIE process (inductively coupled plasma reactive ion etching) with Cl2 and CF4 gases, which removed the resist interlayer and then the exposed MAPbI3 film. Scanning electron micrographs show that the polycrystalline structure of the initial material is well preserved after patterning (Figures 2a-b) . The line edge roughness along the edge of the patterned perovskite can be attributed to the roughness introduced by the resist etch mask of the contact lithography process. The perovskite sidewall visible in Figure 2b shows a certain degree of underetching, which increases with Cl2 content in the etch plasma (not shown). The plasma composition was therefore carefully optimized to find a balance between low sidewall damage and the rate of formation of volatile PbClx compounds.
The samples were further inspected with X-ray diffraction crystallography (XRD) to determine if The PL peak close to the edge of etched MAPbI3 was blue shifted by 6 nm and the PL intensity was twice as high as in the center of the disc. This can be explained by iodine exchange by gaseous chlorine from the etch plasma and formation of MAPbI3-xClx. Similar effects were reported previously in perovskite films by Solis-Ibarra 28 and in single crystals by Zhang. 29 We have further observed a slight crystal size reduction at the etched edges of the discs, which may also contribute to the blue shift and increase of PL emission. 30 Disc lasers with radii of 4.3 µm, 6 µm and 8.3 µm, located on separate PICs (among them two
PICs containing discs with 6 µm radius), were optically pumped at room temperature in ambient conditions using 120 fs laser pulses at 250 kHz repetition rate centered at 630 nm wavelength (see details in Experimental section). Laser spectra were obtained by collecting light from Si3N4 bus waveguides at the edge of the sample, 5 mm away from the disc, with a single mode polarization maintaining optical fiber featuring a collimator at the other end. The collimated beam entered a spectrometer after passing a polarizer, which was rotated in order to analyze the polarization of light generated in the MAPbI3 discs. Unless otherwise specified, the spectra presented in this work are of TM polarized light (electric field normal to the sample plane).
A broad PL spectrum was observed from the MAPbI3 discs at low excitation fluence (Figure 3a , black line). The signal was extremely weak due to inefficient coupling of omnidirectional spontaneous emission into the bus waveguide. When the excitation power was increased, a narrow resonance peak with full width at half maximum (FWHM) of 1.1 nm appeared in the spectrum (Figure 3a , red line). When the emission peak intensity is plotted versus pump pulse fluence, clear thresholds (Pth) can be extracted (Figure 3b ). . Below the lasing threshold we observe a PL signal with a FWHM of more than 20 nm. The spectrum narrows abruptly at a threshold of 4.7 µJcm -2 , which is accompanied by a superlinear increase of the output intensity ( Figure S9 , Supporting Information). Both aspects are clear indicators of lasing. 31 The quality factor (Q) of the lasing peak with FWHM of 1.1 nm is 709, which is low for a disc resonator of this size. This is due to the high roughness of perovskite causing significant scattering losses equal to 27.7 dB/cm (Estimated using measured Q factor value, Figure S10 of Supporting Information). In general, the lasing threshold is reached once the modal gain equals propagation and curvature losses. Since the discs with the smallest radius did not have a higher threshold than the larger discs it can be assumed that the curvature loss was not dominant. Hence all lasers would be expected to have similar thresholds since the propagation losses and optical gain depend on morphology, processing and physical properties of the perovskite, which should also be similar.
The thresholds of lasers with R = 6 µm (on two different chips) were lower than the thresholds of other lasers. This can be attributed to changing environmental conditions during the deposition process (e.g. varying solvent vapor content in the glovebox atmosphere) influencing the intrinsic materials properties and therefore the optical gain. We also observe a slightly red shifted spectral position of the gain curve compared to the other two samples (Figure 4a) , which supports this assumption.
At higher excitation of 1.15×Pth, additional modes appeared in the spectrum. These allowed investigating the correlation between the free spectral range and the disc radius to identify whispering gallery modes (Figure 4a ). The free spectral range was found to be inversely proportional to the disc diameter, following the relation
where ng is the average group index of the modes between two resonant wavelengths λ1 and λ2
and R is the disc radius (Figure 4b ). The measured FSRs are higher than the calculated values.
This difference can be attributed to the chlorine intake into MAPbI3 along the etched edge of the structure, where the whispering gallery modes are propagating: the Cl increases the bandgap and results in both lowering of the refractive index 32 and a strong change of the material dispersion at wavelengths considered in the calculations. (Table S 2 and Table S 3, Supporting Information).
As FSR is very sensitive to the dispersion (included in Eqn. 1 inside ng term) the difference between measured and calculated values reached up to 52 %. The spectra of the lasers evolved upon increasing the pump fluence, as illustrated in Figure 6a .
Just above the lasing threshold, there was one clearly dominating mode in the center of the laser spectrum at 785.02 nm. At higher excitation, the mode at 789.51 nm became dominant with a weaker mode appearing at 792.04 nm, at the edge of the optical gain. We attribute this to band gap renormalization, which results in red shifting of the optical gain 33 and can be observed experimentally in the red-shifting of the amplified spontaneous emission (ASE) spectra (Figure 6b) . One possible explanation of band gap narrowing is heating. However, heating has been shown to widen the band gap in MAPbI3. 34, 35 Since the laser operates in high excitation regime at a high electron-hole plasma density, we propose that the band gap narrowing is a result of many-body effects as reported in other direct bandgap semiconductors. We demonstrated a scalable, high throughput technology for patterning of metal-halide perovskites with industry standard processes. The methodology was applied to lead halide perovskites that were patterned into MAPbI3 disc lasers. These lasers were integrated into a silicon nitride waveguide platform, where they were characterized to benchmark the technology.
We achieved a lasing threshold of 4.7 µJcm -2 and a linewidth of 1.1 nm, which is one of the lowest reported values for polycrystalline perovskites lower than in devices made of unprocessed perovskites 19, 23 and is the record value for monolithicaly integrated CMOS compatible lasers.
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High device-to-device and sample-to-sample reproducibility evidences that this technology has potential for industrial scale fabrication. We further introduce an optical simulation method which takes into account the polycrystalline nature of solution processed perovskite thin films and thus supports understanding the behavior of experimental devices. The tool can be further exploited to design perovskite electro-optic components based on polycrystalline thin films.
This work provides a large step towards exploiting the main advantages of organo-metal perovskites over III-V semiconductors, e.g. low cost deposition from solution and straightforward bandgap engineering, to provide cost efficient lasers at infra-red and visible wavelengths. 43 The disk lasers investigated here demonstrate an important technological advancement, i.e. the feasibility of process integration of perovskite materials with high throughput patterning techniques. This work thus removes a major obstacle on the path towards exploitation of these materials in commercial integrated optoelectronic circuits and points towards developing techniques for wafer scale deposition of high quality perovskite films.
Furthermore, our technology can be used as a base for development of electrically pumped lasers. This will include not only the development of efficient carrier injection into the perovskite but also , following the footsteps of the perovskite solar cell community 44 , detailed studies of stability and degradation mechanisms of perovskites as laser gain media. Considering requirements for reliability of commercially available laser diodes with wear out times of up to 10 6 hours 45 , preventing degradation by implementation of hermetic packaging 46 preventing moisture associated deterioration 47 and by barriers stopping corrosion of metal electrodes by e.g. iodine ions 48 is of great importance for perovskite lasers. Our lasers, protected only by a 1 µm thick PMMA coating, were intensively tested in ambient conditions for multiple hours and stored in a nitrogen filled box in between the experiments. These were carried out daily for three weeks without significant performance deterioration or a single device failing. This is a promising result indicating that reaching reliability required in commercial applications should be possible in the future.
Experimental section
Fabrication of PICs: Devices were fabricated on 6" silicon wafers with 2.2 µm of thermally grown SiO2. 250 nm of silicon nitride was deposited by a low pressure chemical vapor
